This study aims to investigate the effect of culturing conditions (static and flow perfusion) on the proliferation and osteogenic differentiation of rat bone marrow stromal cells seeded on two novel scaffolds exhibiting distinct porous structures. Specifically, scaffolds based on SEVA-C (a blend of starch with ethylene vinyl alcohol) and SPCL (a blend of starch with polycaprolactone) were examined in static and flow perfusion culture. SEVA-C scaffolds were formed using an extrusion process, whereas SPCL scaffolds were obtained by a fiber bonding process. For this purpose, these scaffolds were seeded with marrow stromal cells harvested from femoras and tibias of Wistar rats and cultured in a flow perfusion bioreactor and in 6-well plates for 3, 7, and 15 days. The proliferation and alkaline phosphatase activity patterns were similar for both types of scaffolds and for both culture conditions. However, calcium content analysis revealed a significant enhancement of calcium deposition on both scaffold types cultured under flow perfusion. This observation was confirmed by Von Kossastained sections and tetracycline fluorescence. Histological analysis and confocal images of the cultured scaffolds showed a much better distribution of cells within the SPCL scaffolds than the SEVA-C scaffolds, which had limited pore interconnectivity, under flow perfusion conditions. In the scaffolds cultured under static conditions, only a surface layer of cells was observed. These results suggest that flow perfusion culture enhances the osteogenic differentiation of marrow stromal cells and improves their distribution in three-dimensional, starch-based scaffolds. They also indicate that scaffold architecture and especially pore interconnectivity affect the homogeneity of the formed tissue.
INTRODUCTION
One of the most widely studied tissue engineering approaches involves the seeding and extended in vitro culturing of cells within a biodegradable scaffold before implantation. The bioresorbable scaffold must be biocompatible and porous to facilitate rapid vascularization and growth of newly formed tissue. [1] [2] [3] [4] [5] [6] [7] [8] During the in vitro culture period, the seeded cells proliferate and secrete tissue specific extracellular matrix (ECM).
After implantation, the scaffold gradually degrades and is eventually eliminated from the body. [1] [2] [3] [4] [5] [6] [7] [8] The selection of an appropriate scaffold material is a primary consideration in such a tissue engineering strategy. 9 Besides the obvious demands of biocompatibility and biodegradability, an ideal tissue engineering scaffold should have appropriate mechanical properties 1,10 -14 and a suitable degradation rate. 2, 10, [12] [13] [14] [15] Furthermore, the scaffold must possess adequate porosity, interconnectivity, and permeability to allow the ingress of cells and nutrients [12] [13] [14] [15] as well as the appropriate surface chemistry for enhanced cell attachment and proliferation. 3, 12, 13, 16 Several biodegradable polymers have been proposed to be used as three-dimensional scaffolds for bone tissue engineering, including a new range of natural origin polymers based on starch. 17 Starch-based polymers are degradable and biocompatible polymers, 18 -20 with distinct structural forms and properties that can be tailored by the synthetic component of the starch-based blend, their processing methods, and the incorporation of additives and reinforcement materials. For this reason, together with their low cost and abundance of raw materials, starch-based polymers have been suggested for a wide range of biomedical applications.
Another important consideration for tissue engineering approaches based on in vitro cell culture is the cell source and the ability to control cell proliferation and differentiation. Marrow stromal cells constitute a potential autogenous source of cells for bone tissue engineering because they can be expanded, differentiated into osteoblasts, and used to seed the scaffolds. 21 Besides the selection of the scaffold material and the cell source, several other issues should be considered, including the optimization of the in vitro culturing system. Static culturing conditions often result in inhomogeneous cell distribution, confining the majority of the cells to the outer surfaces of the scaffold. Accordingly, an inhomogeneous distribution of the extracellular matrix commonly results. [22] [23] [24] In order to overcome this limitation, several bioreactors have been developed, [22] [23] [24] [25] [26] [27] [28] attempting to maintain a uniform distribution of cells on the scaffolds, to provide adequate levels of oxygen, nutrients, cytokines, and growth factors, and to expose the cultured cells to mechanical stimuli. Most bioreactors used in bone tissue engineering applications achieve good mixing of the culturing media near the construct outer surface, but not to its interior. This inability represents a major drawback, particularly in the culturing of scaffolds for the reconstruction of large bone defects. Our laboratory has developed a flow perfusion bioreactor, which provides uniform flow to the interior and exterior of the cultured scaffolds. 26 In this study we have investigated the influence of the cell culturing conditions generated by this flow perfusion bioreactor on the proliferation and osteogenic differentiation of rat bone marrow stromal cells seeded into two types of starch-based scaffolds. This study addresses the following questions: (i) Are starch based scaffolds able to support adhesion and proliferation of rat bone marrow cells? (ii) Does flow perfusion allow for enhanced osteogenic differentiation and homogenous spatial distribution of the seeded cells? (iii) Does the different porosity and pore architecture of these scaffolds influence the proliferation, differentiation, and distribution of cells under flow perfusion culture conditions?
MATERIALS AND METHODS

Scaffold preparation and characterization
Two different types of starch-based polymer scaffolds were used in this study: (i) a scaffold based on SEVA-C (a 50/50% wt blend of starch with ethylene vinyl alcohol) obtained by extrusion with a blowing agent and (ii) a scaffold based on SPCL (a blend of starch with polycaprolactone, 30/70% wt) obtained by a fiber bonding process. Further information on starch-based polymer scaffolds and their processing can be found elsewhere. 17 The morphology of the scaffolds was characterized by microcomputerized tomography (CT; ScanCo Medical CT 80, Bassersdorf, Switzerland) at a resolution of 10 m. All samples were cut into discs of approximately 8 mm diameter and 1.5-2 mm height and sterilized using ethylene oxide. Before cell seeding, the scaffolds were immersed in 30 mL of serum-free media in 50-mL tubes. Air was removed from their pores by generating vacuum with a 30-mL syringe equipped with an 18-gauge needle. The scaffolds were left in serum-free media overnight to allow swelling.
Isolation and expansion of rat bone marrow cells
Rat bone marrow stromal cells were isolated and cultured using methods previously described. 29 Briefly, cells were obtained from the femoras and tibias of male Wistar rats with weights ranging from 125 to 149 g (Harlan). The epiphyses were cut off, and the diaphyses flushed with 5 mL of complete media [␣-MEM (minimal essential medium); Eagle, Sigma, St. Louis, MO], supplemented with 10 % FCS (fetal calf serum; Gemini), 50 g/mL ascorbic acid (Sigma), 50 g/mL gentamycin, 100 g/mL ampicillin, 0.3 g/mL fungizone, 10 mM ␤-glycerophosphate (Sigma), and 10 Ϫ8 M dexamethasone (Sigma). Cells were cultured in complete media in a humidified atmosphere of 5 % CO 2 at 37°C for 6 days.
Cell seeding on starch-based scaffolds
After 6 days of primary culture, the cells were detached using trypsin/EDTA (0.25% w/v trypsin/0.02% EDTA, Sigma), concentrated by centrifugation at 1500 rpm for 5 min and resuspended in complete media. Subsequently, the scaffolds (n ϭ 18 for flow and n ϭ 18 for static culture, for each scaffold type) were inserted into cassettes that were placed in six-well plates. Each scaffold was then seeded with 300 l of a cells suspension containing 5 ϫ 10 5 cells and incubated for 2 h. Then 10 mL of complete media was added to each well. The seeded scaffolds were further incubated overnight to allow for cell attachment. The following day, seeded scaffolds were placed into fresh six-well plates for static culture conditions or into the flow perfusion bioreactor and cultured in complete media for 3, 7, and 15 days (6 scaffolds per culture condition and per culture time).
Cell culturing: the flow perfusion culture system
The flow perfusion bioreactor is described in detail elsewhere. 26 Briefly, the bioreactor consists of six flow chambers, each one containing a cassette in which the scaffold is pressfitted. Gas-permeable silicon tubing connects each flow chamber with a peristaltic pump and a medium reservoir. Each chamber has its own independent pumping circuit, but all pumps draw media from a common reservoir. For these experiments, culture media was pumped continuously at a flow rate of 0.3 mL/min through the cell/scaffold construct cassette/housing unit and recirculated back to the reservoir. The total volume of medium in the flow system was 210 mL.
In the static culture, 10 mL was added to each scaffold. In both culture systems, media were changed every 3 days. The entire flow perfusion bioreactor was maintained in an environment of 37°C with 5% CO 2 . At the end of each culturing period, the cell/scaffold constructs were rinsed with phosphate buffered saline (PBS) and stored at Ϫ70°C in 10-mL tubes containing 1.4 mL of milliQ water for DNA, calcium, and alkaline phosphatase (ALP) analysis. At each time point, two scaffolds from each group were retrieved: one was fixed in a solution of 2.5% gluteraldehyde for SEM analysis and the other in a formalin solution for histological evaluation.
Characterization of the cultured scaffolds
Cellularity of scaffolds
The DNA content of each scaffold was measured using a PicoGreen DNA Quantification Kit (Molecular Probes). The samples were allowed to thaw at room temperature and then were sonicated for roughly 15 min. A description of the assay can be found elsewhere. 29 The cellularity of each scaffold was then calculated by correlation with the DNA of a known amount of marrow stromal cells. ALP activity ALP activity was measured using a Sigma Diagnostic Kit (no. 104), a colorimetric endpoint assay that measures the conversion of p-nitrophenol phosphate to p-nitrophenol by the enzyme ALP. 26 Calcium content of scaffolds Cell/scaffold constructs were incubated overnight in 1N acetic acid to dissolve the deposited calcium. The calcium content was then measured using the Sigma Diagnostic Kit (no. 587). This colorimetric endpoint assay measures the amount of calcium-cresolphthalein complexone formed when cresolphthalein complexone binds to free calcium in an alkaline solution. The amount of deposited calcium was expressed as mg of Ca 2ϩ equivalents per scaffold. 26 Scanning electron microscopy For scanning electron microscopy (SEM) analysis the samples were fixed in a solution of 2.5% glutaraldehyde (in PBS), dehydrated in a gradient series of ethanol solutions, dried with tetramethylsilane, and sputter-coated with gold (Jeol JFC 1100, Jeol). Samples were then observed using a scanning electron microscope (Leica Cambridge S360, Leica Cambridge, UK).
Confocal microscopy
To visualize the distribution of cells within the scaffolds, samples cultured for 15 days (previously fixed with glutaraldehyde) were cut in half (to expose the interior cross section), rinsed with PBS, incubated with picogreen dye (0.1%) for at least 15 min, and then observed under a confocal microscope (Zeiss LSM Axiovert, Carl Zeiss, Oberkochen, Germany). Depth projections of the surface (up to 300 m) were obtained and the cells were pseudo-colored as a function of their distance from the surface.
Histology and imaging of tetracycline fluorescence
The cultured samples were rinsed with PBS, fixed in formalin, rinsed with water, and embedded in frozen tissue embedding media (HistoPrep, Fisher Diagnostic). Sections of ϳ30 m were obtained using a cryotome (Microm 505) and stained with hematoxylin and eosin for histological evaluation. For visualization of mineralized tissue, additional sections were exposed to a 5% silver nitrate solution under UV light for 25 min and counterstained with a safranin O solution (0.5%). Mineral deposition was also observed in unstained sections under fluorescent light after adding tetracycline-HCl (10 g/mL) to the culture media as described previously. 23 All the histological sections were observed with a light microscope (Nikon E600) equipped with a Sony DXC-950P CCD camera and a fluorescence lamp.
Statistics
Results are presented as means Ϯ standard deviation. Multiple pairwise comparisons were performed using the Tukey-Kramer method with a significance level of 95%.
RESULTS AND DISCUSSION
Characterization of the scaffolds
The SPCL scaffold has a typical fiber-mesh structure, with a fiber diameter roughly 181 m, with highly interconnected pores and a porosity of ϳ75%, as determined by CT analysis [ Fig. 1(a) ]. The SEVA-C based scaffolds were obtained by extrusion with a blowing agent creating pores within the polymer melt as the blowing agent releases CO 2 . The pores are not completely interconnected, as shown on the CT scan of this scaffold [ Fig. 1(b) ]. The porosity of these scaffold was approximately 60% as determined by CT analysis. Figure 2(a,b) depicts the number of cells present in each scaffold at each time point, calculated from DNA measurements. In both static and flow perfusion cultures, cell proliferation occurred during the first week of culture. These results agree with the initial period of osteoblastic development characterized by active cellular proliferation. 31 Similar cellular growth patterns were observed for both static and flow cultures. Flow perfusion appears to enhance cell proliferation when compared with static culture. This trend was found to be significant (p Ͻ 0.05) for SEVA-C scaffolds cultured for 15 days under flow perfusion. However, when cell proliferation between the two scaffolds cultured in flow perfusion is compared, enhanced proliferation is observed on the SPCL fiber meshes. This may be related to the different synthetic components of the starch-based blend or to the higher porosity and interconnectivity of the SPCL scaffolds.
DNA analysis
During the second week of culture, the cellularity of all scaffolds did not increase further. This period corresponds to the stages of matrix maturation, late osteoblastic differentiation, and mineralization. Similar cell proliferation patterns, characterized by an increase in cell number during the first period of culture followed by a period where the cell number remained constant or even decreased, have been observed in earlier studies with marrow stromal cells seeded into titanium fiber mesh scaffolds and cultured under flow perfusion and static conditions.
23,26
ALP analysis
The ALP activity of marrow stromal cells has been shown to indicate the commitment of these cells to- ward the osteoblastic lineage 31 and usually reaches a maximum that coincides with the early osteoblastic differentiation stage of marrow stromal cells. After this period, the ALP activity usually decreases and mineralization starts to take place. In this study, a continuous increase in ALP activity was observed during the 15 days of culture on both scaffold types and culture conditions (Fig. 3) . For the SPCL fiber meshes, the ALP (normalized to reflect the ALP activity per cell) was not statistically different between flow perfusion and static cultures. However, the ALP activity in SEVA-C scaffolds cultured under flow conditions after 15 days was higher (p Ͻ 0.05) than ALP activity in static culture conditions for the same time period.
Calcium deposition
Calcium deposition in cultures of osteoblastic cells is a marker of their full maturation. Calcium measurements (Fig. 4) showed that during the first week of culture practically no calcium deposition had occurred in both culture conditions. In contrast, after 15 days, a dramatic increase in calcium deposition was observed on both types of scaffolds cultured under flow perfusion, clearly suggesting that flow perfusion is responsible for the enhanced mineralization of marrow stromal cells. Possible mechanisms responsible for the appeared in both scaffold types in agreement with earlier studies involving the culture of marrow stromal cells on titanium fiber meshes under flow perfusion with similar shear forces. 26 From the porosity and pore size of the scaffolds, a mean shear stress could be estimated for fluid flow through the pores. 25 Assuming a cylindrical pores model approximation for the geometry of the scaffold porosity, the shear forces experienced by the seeded cells in both scaffolds were estimated to be on the order of 0.1 dyn/cm 2 .
Confocal microscopy
Confocal images obtained from depth projections of the surfaces of SPCL fiber meshes after 15 days showed the formation of cell monolayers on the surface of the scaffolds cultured under flow In the SEVA-C-based scaffolds, the formation of cell monolayers on the surface of the scaffolds cultured under flow [ Fig. 6(a) ] and static conditions [ Fig. 6(c) ] was apparent. However, the images obtained from the transversal section of the samples [ Fig. 6(b,d) ] demonstrated that, in this case, the limited pore connectivity of these scaffold did not allow the cells to spread throughout the scaffold interior. Nevertheless, in the samples cultured in the flow perfusion bioreactor, it was possible to visualize a small number of cells in the interior of the scaffold, indicating the existence of a preferential flow pathway through these scaffolds that allowed the presence of cells in specific locations. 
Histological evaluation
Hematoxylin and eosin staining Histological sections of SPCL scaffolds after 15 days culture [ Fig. 7(a,b) ] demonstrated the formation of a cell layer on the surface of the cultured fiber meshes, but not in the interior, under static conditions. In contrast, the constructs cultured under flow conditions [ Fig. 7(c,d) ] exhibited a much better cell distribution. The histological analysis of SPCL scaffolds cultured for 15 days was in agreement with the conclusions drawn from confocal imaging. Once again, the presence of cells inside the scaffolds cultured under flow perfusion was observed, whereas scaffolds cultured under static conditions resulted only in a surface layer of cells (Fig. 7) . These results confirm that flow perfusion culture enhances cell distribution in three-dimensional, starch-based scaffolds.
Von Kossa staining Figure 8 (a-c) shows no mineral deposition on scaffolds cultured under static conditions. However, Von Kossa stained sections revealed that the mineralized tissue was distributed throughout the scaffolds cultured under flow perfusion [ Fig. 8(d-f) ] in agreement with the histological observations and the calcium deposition measurements.
Tetracycline fluorescence
In Figure 9 (a) the formation of a mineral layer on the surface of the scaffold is apparent. It is also possible to identify several regions in the interior of the scaffolds where mineral deposition has occurred. Once again, no mineral deposition is observed on the scaffolds cultured under static conditions [ Fig. 9(b) ]. These results, together with the analysis of Von Kossa staining and calcium deposition, suggest that flow perfusion culture enhances the osteogenic differentiation of marrow stromal cells and improves their distribution in three-dimensional, starch-based scaffolds by possibly improving nutrient delivery in the interior of the scaffolds or by stimulating the seeded cells by exposing them to fluid shear forces. Figure 10 shows SEM micrographs depicting the top (where the cells were seeded) and bottom surface of SPCL fiber meshes cultured for 15 days under flow and static conditions, respectively. The scaffolds cultured under flow perfusion conditions were completely covered by a dense matrix coating on both bottom and top surfaces, which suggests that cells were able to migrate throughout the scaffold and fill the entire construct. In contrast, the top surface of the scaffolds cultured under static conditions exhibited a thin crusting layer of extracellular matrix, and on the bottom surface it is only possible to observe the coating of some of the fibers. These observations reinforce the conclusion that flow perfusion enhances cell distribution in scaffolds cultured in vitro.
Scanning electron microscopy
CONCLUSIONS
The two types of starch-based scaffolds selected for this study promoted the attachment and proliferation of rat bone marrow stromal cells. However, the SPCL fiber meshes showed increased cell proliferation because of the better interconnectivity of their porous structure. This study demonstrates the ability of the flow perfusion bioreactor to enhance the osteogenic differentiation and the homogeneous distribution of marrow stromal cells within starch-based polymer scaffolds. Accordingly, starch-based porous scaffolds seeded with mesenchymal stem cells and cultured under flow perfusion constitute a promising approach for the generation of osteoinductive bone tissue replacement constructs.
